Summary: A reflectometric indicator-dilution method has been developed for mapping the parenchymal minute volume flow and blood content over tiny superficial areas of the brain cortex at 625 or 2500 locations, respectively. About 0.4 ml dextran-saline solution was used as nondiffusible indicator and injected into the feline cerebral circulation for each measurement. The subse quent cerebrocortical transit of the hemodiluted bolus was detected as a tem porary change in the tissue optical density [OD(t)] and interpreted as indicator dilution, C(t). This gave the data necessary to calculate the microregional blood volume (mrCBV), mean transit time of the bolus (mrMTT), and the microre gional blood flow (mrCBF = mrCBVlmrMTT). A two-dimensional record of the OD(t) function was made on Kodak SO 115 film by 16-mm cinematography, as a reflectometric tool, over an exposed area of the brain cortex during the bolus perfusion. Later, the microregional OD(t) functions were retrieved for analysis in a square array from the developed film by computer-controlled, frame-by frame scanning densitometry. Maps of mrCBF, mrCBV, and mrMTT were presented as square arrays of gray-scaled pixels. The maximal spatial and temporal resolution of the method was 0.015 mm2 (mrCBF), 0.004 mm2 (mrCBV), 6 maps/min (mrCBF), and 600 maps/min (mrCBV).
The proper distribution of blood flow through the channels of circulation all the way down to the capillary network is of crucial importance in meet ing the demands of the neurons for an adequate supply of oxygen and substrates at every locus of the cerebral tissue. This is especially so when neuronal activity changes rapidly and a redistribu tion of blood supply is needed. Large-scale mapping of blood flow over the brain cortex, as done by Ingvar and Lassen (1975) , has considerably im-proved our understanding of how blood flow is dis tributed among neighboring regions with respect to their functional activity. A single element of these maps, however, can only show an integrated re sponse of thousands of minute circulatory units, each of them under the control of highly localized factors (e.g., neuronal activity, substrate and oxy gen supply, metabolite and ion levels, and density of innervation). Because of the complex nature of the cerebral blood supply and its ultimate control at the microcirculatory level, it is rather difficult to make a direct experimental study of some funda mental questions: (1) Is there any heterogeneity in the blood supply on the microregional level? (2) What is the significance of microheterogeneities-if any-in the cerebral blood supply, especially in view of blood-tissue exchange? (3) What are the spatial and temporal characteristics of CBF regula-tion on the microregional level according to which a given response of blood flow is being organized? These questions could possibly be answered if the spatial and temporal resolution of the nondestructive repetitive mapping techniques was markedly im proved. Despite considerable advances in conven tional mapping techniques by radioisotopes, none seems to have potential in answering these ques tions because of inadequate spatial and temporal resolution.
A surface reflectometric indicator-dilution method is presented in this paper as a useful alter native for the mapping of minute volume flow and parenchymal blood content within superficial cere brocortical microareas. Cinematographic recording of the brain's optical density (OD) during bolus perfusion can acquire all the necessary data for such mapping in 10-15 s. The OD data are retrieved for evaluation from the developed film by computer controlled, frame-by-frame scanning densitometry at a desired spatial resolution. This is usually set to 625 measuring sites for a corresponding area of the brain cortex as small as 9 mm 2 • For maps of blood volume, the resolution can be as high as 2500 measuring sites/9 mm 2 • At present, the method of Branan et al. (1979) is the only one with comparable features. It appears capable of mapping a parameter related to the ve locity of flow of blood (maximum wavefront density-time change calculated from the cere brocortical transit of a fluorescein dye) over the cortical gyri using frame-by-frame analysis of cere brocortical fluorescein angiography recorded by cinematography.
METHODS

Basic Concept
According to the reflectometric blood-dilution method of Eke et al. (1979) , which is the basis of this technique, the blood flow and blood volume can be measured noninvasively in a superficial, illumi nated volume of the brain cortex by diluting the supplying blood in the ipsilateral carotid artery with an injection of 0.4 ml dextran-saline solution as a nondiffusible indicator. The subsequent transit of the hemodiluted bolus through the illuminated mi croarea of the brain cortex is measured by reflec tometry. The microregional parenchymal blood volume (mrCBV; i.e., the effective volume of dis-
tribution of the indicator within the monitored area) is linearly related to the tissue OD. This is calcu lated from the ratio of the actual reflectance (/) to that of the blood-free cerebral tissue (/0)' The tem porary decrease in blood volume during the passage of the bolus [reflected by /(t)] is interpreted as indi cator dilution [C(t)] and is determined by the rela tive change in OD [AOD(t)]. C(t) is further pro cessed to get a step response to the injection, H(t). The microregional mean transit time (mrMTT) of the hemodiluted bolus is calculated from a residue function, 1 -H(t). According to the principle of Meier and Zierler (1954) in measuring the volume flow, the microregional blood flow (mrCBF) is given as the ratio of the mrCBV and mrMTT.
To map the blood flow, OD(t) needs to be de tected at many locations over the brain cortex si multaneously, preferably in a square array. From the many possible ways of doing this, black-and white, high-resolution cinematography of the brain cortex-used here as a reflectometric tool-and a computer-controlled frame-by-frame scanning den sitometry of the developed film for a matrix of OD(t) were chosen because they seem accessible to research groups. The analysis of the elements of this matrix according to Eke et al. (1979) yields the values of mrCBF, mrCBV, and mrMTT. Arranging them in the scanning sequence of the densitometry, maps of these parameters can be constructed for the corresponding cerebrocortical area. These maps can be visualized by optically coding the data (by gray-scaled pixels arranged in a square array, for instance).
Detailed Description
Preparation Procedure
The experiments were made on cats anesthetized with chloralose (60 mg/kg body weight, i.v.). Catheters were introduced into the lingual artery on the right side and into the femoral artery and vein. The catheter inserted into the right lingual artery was connected to a syringe containing the indicator (Rheomacrodex 10% : 50 g dextran, average molec ular weight 40,000; 4.5 g sodium chloride; 500 ml). The syringe was fixed in the holder of a Harvard infusion pump (model 914). To map mrCBF, bolus perfusion of the brain was performed by applying the power to the pump for a preselected period of time (usually 0.6 s) with a timer circuit. The animal's head was locked in a head holder. Skin and muscles were removed, and a burr hole widened to 13 mm in diameter was made in the parietal bone over the suprasylvian gyrus on the right side. The dura was incised and cut 1 mm from the edge of the bone. After hemostasis with bone wax or low-current electrical coagulation, a tiny glass window made of a metal cylinder and a cov erslip (150 p,m thick) was inserted and firmly fixed into the hole with dental cement. Special attention was given to perfectly sealing the skull so that there was no leakage of cerebrospinal fluid. Observation and cinematography of the brain cortex was made through this window.
The animals were immobilized and artificially ventilated on room air or mixtures of O 2 , CO 2 , and N 2 throughout the experiment.
The large-vessel arterial hematocrit was regularly measured from blood withdrawn from the femoral catheter using a capillary technique.
Cinematography of the Brain Cortex
The experimental arrangement and instrumenta tion are shown in Fig. 1 . The exposed area of the brain cortex was illuminated by white, cold light with a Dolan-Jenner No. 175 fiberoptic illuminator. To map mrCBF, a reflectometric record of the brain cortex was made on 16-mm cine film (Kodak SO 115) during the bolus perfusion using an Arriflex camera with a telephoto lens. Extreme care was taken to provide a perfectly stable mounting for the camera in order to obtain high-quality pictures with a marked frame-to-frame geometrical reference. For a single map of blood flow, 100 frames were shot at a rate of 10 frames/s, allowing 1120 s for illuminator providing intense, even illumination across the field. e, Optics of the 16-mm movie camera (Arriflex) projecting the image of the brain cortex from within the window onto the plane of the film (f). f, Film loaded in the camera. (Kodak SO 115 16-mm, black-and-white, high sensitivity, extremely fine grain, negative film). g, Marker label attached to a solenoid, which is deactivated at the moment the injection begins, thereby providing a sequential number of the record and marking the frame at which the injection begins. h, Solenoid holding the marker label in the field while being activated. The injection is made when the camera has been running for 3 s. The filming rate is 10 frames/s, allowing 1/20 s for exposure. For a single record, 100 frames are shot.
A. EKE exposure (Fig. 2) . By the time of the injection, the camera had been running for 3 s to achieve its con stant frame rate. The transit of the hemodiluted bolus through the monitored cerebrocortical area lasted from 1 to 10 s, depending on the level of flo w , so that, on average, the measurement could be re peated every 15 s. At the end of the experiment, blood was eliminated from the brain by a constant infusion of the indicator into the lingual artery; the camera was kept running in order to obtain a refer ence reflectance intensity frame, which was used in calculating the OD for all the preceding frames (Fig. 2) .
The film was processed in Kodak D96 developer to obtain a high density/exposure ratio. This en sured an efficient recording of the cerebrocortical hemodilution by emphasizing the changes of OD from frame to frame. Figure 3 gives a schematic rendering of the den sitometric assembly used for the automatic frame by-frame evaluation of the processed film for a matrix of OD as seen on Fig. 6 . The film was placed in a projector with even illumination across the whole frame and with optics providing a high-quality image. A Kodak Revere 16-mm movie camera with a Wollensak 17-mm 1: 2.7 objective was modi fied to function as a projector. A metal block re placing the film magazine accommodated the cam era's film advance mechanism and the fiberoptic bundle from the Dolan-Jenner illuminator, which served as a light source. The scanning densitometric evaluation of the developed film was done mechani cally with a computer-controlled analog x-y plotter (Esterline Angus) by moving a photodiode (attached
Frame-by-Frame Scanning Densitometry
Sequence of hemodilution in the cerebrocortical vasculature and parenchymal areas as seen through a parietal window and recorded on successive frames of 16-mm cine film. The frame in the lower-right corner is the spatial record of the cere brocortical reflectance without blood. It provides a reference for calculating optical densities from the reflectometric data recorded on the preceding frames. The time at which the frames were exposed relative to the time of the injection (0 s) is indicated in seconds at the lower-left corner of each frame. to its penholder) in the plane of the projected image. The scanning procedure and data acquisition was controlled by a NOV A 1200 minicomputer through an interface circuit. This circuit required only one pulse-signal from the computer to the output to start a measuring cycle for the intensity of one picture element. In turn, it provided digitally generated analog signals to the plotter, which determined the actual coordinates to which the photodiode was to be positioned. When one frame had been scanned, it provided a signal to advance the film to the next frame by activating the camera's control button via a relay.
Spatial intensity data were collected in a square array from identical areas of successive frames by stepping a silicone photodiode (Sharp Electric Co., typo SPD-550) along a rectangular scanning route in the plane of the projected image while sampling its integrated photocurrent by the computer (Figs.  4-6 ). The powerful halogen lamp of the Dolan Jenner illuminator proved an efficient and stable source of light for this purpose. Since it was AC operated, the photodiode current had to be inte grated for long enough while at a coordinate to eliminate the AC component in its amplifier output. By the end of the integration period, a photometri cally representative, highly reproducible amplified output could be achieved. The reproducibility of the photometric system at an incident light intensity of 10% of the photodiode's saturation level with inte gration for 0.1 s and with 7-bit analog-to-digital conversion of the output was 1%. This level of preci sion suited our needs, since changes of 10-30% could easily be produced in the OD of the brain by carotid injection.
The ultimate spatial resolution of the mapping is determined by the size of the scanning raster rela tive to the scanned area of the projected image (see Figs. 4 and 5) . Practical reasons, such as the time required for data processing, limited the number of mrCBF sites measured to 625/map. From theoreti cal considerations regarding the prerequisites of the applied indicator-dilution principles, the maximal spatial resolution of the mrCBF mapping was lim ited to 0.015 mm 2 • Blood volume could be mapped at a higher resolution, usually at 0.004 mm 2 •
Nomenclature
The following symbols, names, and definitions are used in the calculations (see also Positioning of the scanned area within a frame. Note that the sulcus between the gyri is avoided. Usually the field of scanning is selected so that a pial artery is also included. In this way, a complex analysis of arterial, parenchymal, and venous dilution can be done later.
brain cortex. The most general reflec to metric term. Specific forms are: 1o, Ii. Iv;. and I e , which correspond to the den sitometric terms Ito, lti, Itbi, and It e . Reflectance intensity measured from the blood-free brain cortex at the end of the experiment. Reflectance intensity measured from the brain cortex with blood during indicator transit. Linearly extrapolated reflectance base-line intensity with blood during indicator transit (extrapolation between the I values detected at the appearance and dis appearance of the indicator in the moni tored microarea). Ibi extrapolated to the time when the peak reflectance intensity is detected during indicator transit. of the projected image. Corresponding to the most general reflectometric term, I. Specific forms are: Ito,!ti,!tbi, and It e , which correspond to 1o, I;, Ibi, and I e · Ito Intensity of light transmitted by the frame made of the blood-free brain cortex mea sured in the plane of the projected image. Collected from the "reference" frame of Fig. 2 . Corresponds to 10, OD! Optical density of the film calculated as log (IinlIt). Specific forms are: ODfo, ODfi, ODfbi, and OD te ' OD Optical density of the brain cortex calcu lated as log (IolI). Specific forms are: ODo, OD;, ODt,;, ODe· C;
Indicator concentration in the monitored microarea during indicator transit. C(t) Indicator concentration time function in the monitored microarea (hemodilution curve). h(t) Transport function of the monitored mi croarea (finite response). H(t) Residence time distribution function in the monitored microarea (step response). Hct Mean microregional hematocrit. Approxi mated by 50% of the large vessel arterial hematocrit (Eke et aI., 1979) . y Contrast factor of the photographic film.
Calculations
A detailed, step-by-step description of the calcu lation of the absolute values of mrCBV, mrMTT, and mrCBF from the reflectance intensities of bolus perfusion has been published by Eke et ai. (1979) . The technique described here is an exten sion of their single-spot method to mapping, and it also relies on the same calculations. However, it appears likely that the most useful application will be in the successive mapping of relative changes in mrCBV and mrCBF with a differential representa tion of the data (see Fig. 7 ). Bearing this in mind, only those calculations are given here that either supplement those previously published or that lead to the relative values of mrCBV and mrCBF.
In the original protocol of Eke et ai. (1979) , the effective length of penetration of light into the tissue (d) was an assigned value and taken as being con stant with varying blood content. More recent studies, however, seem to show that d varies with the blood content to some extent, but it can be cal culated from the tissue's OD as its linear function.
FIG. 6.
Computer-created maps showing the effect of bolus perfusion on the brain's optical density in the mapped area. Changes in the cerebrocortical optical density resulting from the transit of the hemodiluted bolus are shown in 50 x 50 square arrays in 37-step gray-scale representation. Increasingly lighter pixels represent increasingly lower optical density. The reflectometric data for these maps were collected from the frames of the film shown on Fig. 2 . The indicator was injected at 0 s into the cerebral circulation. The time at which the frames were exposed following the injection is indicated in seconds in the lower-left corner of each 00 map. Note the small artery in the upper-right corner with its early dilution. Also note the sequence of dilution of blood within the different segments of the circulatory network. The cerebrocortical area mapped is 9 mm 2 .
The error in the relative measurement of mrCBV resulting from assigning d as a constant is only ±2%, which makes it unnecessary to modify the protocol of Eke et al. (1979) for the relative calcu lations. As a result of the current analysis of the problem, the absolute calculations of mrCBV will be refined by calculating d for any given blood con tent. For the time being, a maximum of 15% under estimation for the high, and overestimation for the low values of mrCBV has to be taken into account.
The equations will be demonstrated for a single spot relative calculation of mrCBV, mrMTT, and mrCBF starting from the raw densitometric data, lin, Ito, and Iii' It should be remembered, though, that all of the following calculations have to be car ried out for every element of the frame-based re flectance data set, It(X, Y h, provided by the scanning densitometric analysis of a reflectometric record.
As a result of these calculations, a cerebrocortical matrix of mrCBV, mrMTT, and mrCBF is obtained.
The optical density of the film at any point is given by Eq. 1:
Within a certain range, the film's optical density is a linear function of the exposure for a given contrast factor, y, specific to the film and the developing procedure used. This is what makes it a suitable reflectometric tool. In our case, ODt measured the intensity of light, I, diffusely scattered from the superficial layer of the brain cortex according to
Prior to filming, the intensity of the illumination, the f-stop value of the objective, and the shutter speed of the camera should be carefully selected in order to ensure a linear response of optical density to ex posure. y remains constant from reel to reel pro vided that a standard procedure of developing has been followed closely. Under these conditions, y will not have any significance in the computation of mrCBV, mrCBF, and mrMTT, because it is elimi nated by the ratios of 10 and I in the calculation of the brain's optical density, OD:
In relative units, mrCBV is equal to the optical den sity of the microarea normalized by the mean mi croregional hematocrit, Rct:
Rct can be approximated as 50% of the large-artery hematocrit (Eke et aI., 1979) . The temporary reduction in the parenchymal blood content during the microregional passage of the indicator measures the indicator dilution, Ci:
Ci is not a true unit-response but is a response to an injection of finite duration (T). Consequently, its di rect analysis for the mrMTT of the indicator would give an erroneous result. The following treatment of Ci according to Eqs. 6 and 7 will give a much better approximation of the true mrMTT by computing a step response from a series of superimposed finite responses, each of them shifted by the time, T. First, the transport function, h(t) is computed:
Then, H(t), the residence time distribution function (step response), H(t), is found:
n=O Finally, we get the mrMTT of the hemodiluted bolus as t d
fa
To calculate the mrCBF, the principle of Meier and Zierler (1954) is applied, according to which the volume flow is given by the ratio of the effective volume of distribution of the indicator (V) and its mean transit time through this volume. In our case, V is equal to mrCBV which is calcu lated from the reflectance base-line intensity, Ie, extrapolated to the peak time of the dilution: mrCBVe = ODe/Rct = (log 10 -log le)fRct.
Then, mrCBV, in relative units, is given by
Computer Techniques and Data Processing
It is important to note that this method relies heavily on computer techniques not only in control ling the frame-by-frame densitometry, but in storing and processing the substantial amount of data that results from it. For a single map of blood flow with 25 x 25 resolution, 63,750 digital data points should be analyzed. Plotting the maps also required com puter techniques.
Steps of data processing are as follows:
Step I: Matricies lin and Ito are collected and 10 computed according Eq. 2 (see also Fig. 6 ).
Step II:
Matrix Iii are collected from succes sive frames of a reflectometric record of bolus perfusion in the sequence of scanning on magnetic disk [It(x,y);].
One routine converts this set of ar rays into I(X,Y)i according to Eq. 2. Within l(x,Y)i , easy reference can be made to any data point in any frame.
Step III:
In this step the indicator dilution curve Ci has to be reconstructed ac cording to Eqs. 3 and 5 for each raster element representing a microarea on the surface of the brain cortex [Ci(x,y)).
Step IV: h(t) and H(t) are computed for each raster element. I-H(t) is analyzed for mrMTT. Results are stored in scan ning sequence to get a square array of mrMTT.
Step V: mrCBVe is calculated for each raster element according to Eq. 9. Results are stored in the scanning sequence to get a square array of mrCBV.
Step VI: mrCBF is calculated for each raster element, and the results are stored in the scanning sequence to get a square array of mrCBF.
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Step VII: The content of the separate square ar rays of mrMTT, mrCBV, and mrCBF are interfaced to a gray-scale plotting routine in order to produce a cerebro cortical map of these parameters. In the present work, the output from this routine is directed to a cathode-ray tube graphics terminal (Tektronix 4010-1 with hardcopy option). A 6 x 6 dot-matrix character is created and plotted for each raster element. The number of dots within each printed character is proportional to a range of the plotted data. This gives the im pression of a 37-step gray-scale repre sentation. Maps made in this way are shown in Figs. 4, 6-9.
RESULTS
Mapping of mrCBV During Arterial Hypercapnia
High-resolution (2500 measuring sites/9 mm 2 ) maps of mrCBV were recorded over the anterior suprasylvian gyrus of cats before and during arterial hypercapnia. Prior to the inhalation of a 10% CO 2 -20% O 2 -70% N 2 gas mixture, the animals were artificially ventilated with room air. Figure 7 shows a two-dimensional representation of the relative changes of mrCBV within the mapped area as the response to hypercapnia develops. A fairly homogenous increase of around 20% was found in the blood content within the parenchymal areas (noticeable as lighter areas between and around the darker vessels on the differential maps) by the 6th min of the test. The changes in the vas cular caliber in several segments of the vessels seen within the mapped area are shown in sliced presen tation. In this presentation, only those pixels are represented in black for which the density data ex ceed a preset level. The gradual and progressive dilation of the vessels during the test is apparent on these maps.
Mapping of mrCBV, mrMTT, and mrCBF in Epileptic Seizure
Maps representing the ability of this method to detect highly localized alterations in blood volume and blood flow are presented in Figs. 8 and 9 . Figure 8 presents four high-resolution maps of mrCBV. The map in the upper-left corner is a repre sentation of the distribution of blood within the monitored 9 mm 2 of the brain cortex following the onset of an epileptic seizure (penthetrazolum was injected into the lingual artery in a dose of 10 mg/kg body weight to induce the seizure). Gray-scale levels were selected to emphasize the structure of the epicerebral vascular network. On the other three maps, a threshold was used to reverse the pre sentation so as to enhance the subsequent changes in mrCBV. Note the area immediately adjacent to a venular bifurcation indicated by open arrows. Seven seconds later, as seen on the map in the lower-right, a marked decrease in the parenchymal blood content developed within the noted area dur ing 0.5 s. At this same time, there were only slight uniform changes in other areas of the map. Figure 9 demonstrates highly localized changes in mrCBF and mrMTT in another experiment. The resolution of these maps was set to 625 measuring sites/9 mm 2 . Note that the method is able to distin guish changes in blood flow due to changes in the parenchymal blood content (representing the inte grated parenchymal vascular caliber) from those due to changes in the velocity of flow through the parenchymal vascular channels (represented by the microregional mean transit time of the hemodiluted bolus). Looking at the map of mrMTT in the pre sented case, it is easy to conclude that the highly localized changes of parenchymal blood flow re sulted from corresponding changes in the velocity of blood flow without noticeable change in the parenchymal blood content. Eke et al. (1979) have shown that wavelengths of light other than those isobestic to hemoglobin (Hb) could be used successfully in the reflectometric monitoring of the blood content in parenchymal areas of the brain cortex. Lipowsky et al. (1980) have also shown that the percent saturation of Hb within the erythrocytes (red blood cells, RBCs) does not have a significant effect on the optical den sity of whole blood measured in white light. Most likely, it is because of the predominance of the scattering of light by the erythrocytes over the ab sorption by the hemoglobin in them and because of the averaging of any wavelength-dependent change in the OD over the spectrum of illumination and detection. It was also demonstrated that the 00 is a strong function of the hematocrit of whole blood flowing in small glass tubes, if the hematocrit is less than 20% and RBC velocity is greater than 1 -2 mm/s. This is even more so for the brain cortex, where "hematocrit" (the fractional volume of RBCs within the monitored volume of tissue) is only 0.6% at its maximum (taking 4 vol % for mrCBV and 15% for the mean microregional hematocrit (Eke et aI., 1979) , and RBC velocity is well above 1-2 mm/s. Because of this predominance of the scattering by the RBCs on the 00 over the absorb tion at low concentrations and the spectral averag ing of the wavelength specific changes in the 00, there are no special requirements with regard to the illumination wavelength other than that of a bandwidth wide enough for spectral averaging. Thus, measurements can be made even in white light, providing the widest range of wavelengths for il lumination and detection. For absolute measurements of mrCBV and mrCBF, an in vitro cali bration of mrCBV by establishing the 00 (V wb ) func tion of Eke et ai. (1979) has to be made for the given arrangement of illumination and detection. [Note the OOev wb ) function in the paper of Eke et ai. (1979) .] In addition, it should be noted that the re flectometric method permits quantitative mea surements of mrCBV, mrCBF, and mrMTT only within the parenchymal areas (where Eqs. 4-10 apply). The principle of Meier and Zierler (1954) , as adopted by Eke et ai. (1979) to a nondiffusible indi cator to measure minute volume flow, makes it es sential that the circulatory system in which it is applied (1) have its immediate arterial inputs and venous outputs within the scope of detection and (2) receive a known input function through high-flow arterial channels; additionally, within this system the effective volume of distribution of the indicator should be measurable. When one increases the reso- Highly localized changes in the paren chymal blood content during an epileptic sei zure. The upper two maps show the distribution of cerebrocortical blood content just after the onset of an epileptic seizure induced by intra arterial injection of penthetrazolum. In the left map, gray-scale steps were selected to em phasize the structure of the vascular network, whereas a thresholded and inverted presenta tion was chosen to enhance the subsequent changes on the other maps. Note the tiny area (1 mm in diameter) adjacent to the bifurcation of a small venule (indicated by arrows). An isolated decrease in the blood content developed in this area between 6.5 and 7.0 s, whereas only minor changes occurred elsewhere. Highly localized changes of blood flow in the brain cortex during an epileptic seizure. Maps of microregional cerebrocor tical blood volume (mrCBV), blood flow (mrCBF), and mean transit time of the hemodiluted bolus (mrMTT) through the mi croareas covered by the pixels are shown. Increasingly darker pixels correspond to increasingly higher values on ali maps. These maps were made during the first stroke of an epileptic seizure induced by intra-arterial penthetrazolum given in a dose of 10 mg/kg body weight. Note that neighboring high and low flow areas form a highly localized pattern, which shows up best on the map of mrMTT.
DISCUSSION
lution of the mrCBF mapping by measuring OD(t), as indicator dilution, in increasingly smaller and smaller volume of tissue, one is more and more likely to violate these prerequisites and get in creasingly erroneous results for mrMTT. It is not recommended, therefore, to increase the resolution of mrCBF mapping beyond the given limits. Further studies are in order to examine the feasi bility of using the pial arterial hemodilution as an input function and deconvolute the microregional dilution curves on it to get an estimated microre gional transport function that is closer to the true one. As expected, however, this method of data analysis would increase the data processing time, which would be disadvantageous, in practical terms. Preliminary data show, however, that the error in the mrCBF measurement at the maximal resolution of 0.015 mm 2 is not significant if only relative measurements are needed.
The effective resolution of the maps of Branan et al. (1979) appears to be in the neighborhood of 0.015 mm 2 • Although the sophisticated video scanner and display system used in their analysis provides maps of 144 x 144 picture elements, the 20,736 measuring sites are dispersed over larger areas of the brain cortex. This reduces the effective resolution to the level of the method reported here.
At present, this is the only repetitive technique that is capable of providing simultaneous maps of parenchymal blood flow and blood volume with spatial and temporal resolution as great as 0.015 mm 2 (mrCBF), 0.004 mm 2 (mrCBV), 6 maps/min (mrCBF), and 600 maps/min (mrCBV). It is there fore potentially a very useful method in brain and microcirculation research of perfusion micro heterogeneity and its importance in cerebral func tion. One major advantage is that every single map of mrCBF, mrCBV, and mrMTT provides ample data for further analysis. The data per map seems sufficient for a complex analysis of the monitored circulatory network (arterial, parenchymal, and venous circulation), which could help to give a better understanding of the contribution of arterial, capillary, and venous segments to the overall regu lation of blood flow in the area.
Although the data in this report is primarily of a demonstrative nature, it is still of note that it is the first time that microheterogeneities in cerebrocorti cal blood flow and blood volume could be detected with anatomical references within a network of ves sels supplying or draining the mapped area. The significance of these micro heterogeneities and any regularities in their location within the epicerebral circulatory network are presently under further study.
